In this work, we improved the efficiency and accuracy of our proposed cylinder-based registration and model fitting method of point clouds by terrestrial laser scanners for the as-built modeling of piping systems. Our algorithm simultaneously calculated the scanner parameters and cylinder parameters to avoid the propagation of registration errors and modeling errors. Coarse registration is performed by finding the alignment of the cylinder axes based on the random sample consensus approach and using a hash table. The efficiency of the coarse registration is improved by introducing a three-dimensional hash table. The fine registration and modeling is performed by minimizing the fitting errors of the cylinders as a nonlinear function of the positional and geometric parameters of scanners and cylinders. An iteratively reweighted least squares method is applied to the fine registration and modeling, leading to improved robustness. Moreover, for the modeling of pipes that are slightly bent due to gravity, incident angle filtering of scanned points and cylinder subdivision of the pipes to be modeled are introduced. The efficiency and robustness of the improved algorithm were compared with the previous approach using both artificial and real point clouds. The effectiveness of incident angle filtering and cylinder subdivision was confirmed. The proposed algorithm achieved the level of cylindrical modeling precision required for the renovation work of piping systems.
INTRODUCTION
Recently, aging plant piping systems and the shortening of life cycle have been increasing the frequency of renovation work. In the renovation work where a part of the old piping system are exchanged to the new ones, the constructor can scarcely use the three-dimensional piping models because they are as-planned. Moreover, even if the constructor can use them, the as-built geometries are not often represented precisely in them since the small-scale renovation work is often performed. Therefore, the as-built measurement and modeling are needed to estimate the accurate cylinder parameters right before the renovation work. And the demand for threedimensional as-built modeling of plant piping systems is currently increasing based on a point cloud captured by a terrestrial laser scanner (TLS) which measures the current environment shapes accurately and efficiently (e.g. [5] , [16] ). To construct an as-built three-dimensional piping system model based on scanned data, a registration process is needed to align multiple point clouds, including many cylindrical piping objects. The iterative closest point (ICP) [4] algorithm is frequently used to conduct the registration. However, when capturing a cylindrical surface from different scanner positions, the point clouds tend to overlap only in portions with high laser beam incident angles. Therefore, they suffer from a large amount of noise and errors. Thus, as shown in Figure  1 (a)., the alignment results of ICP include non-negligible errors or fail when the overlap between point clouds is small or absent. Moreover, since cylinder models are fitted to the registered point clouds, the registration error propagates to the model fitting error and results in unacceptable accuracy degradation in the final as-built model.
In our previous study [21] (Figure 1(b) .), we proposed a simultaneous cylinder-based registration and model fitting method for the as-built modeling of piping systems. The cylinder-based coarse registration method based on random sample consensus (RANSAC) was also proposed in that study. This method does not necessarily require overlap between point clouds in the registration. The method can also avoid the propagation of errors from registration to cylinder fitting to achieve a highly accurate as-built modeling of piping systems. However, the registration and model fitting of our proposed method [21] has two drawbacks in relation to its efficiency and robustness.
The first drawback concerns the excessively large point clouds measured on a large-scale piping system, which make coarse registration inefficient. The proposed coarse registration in [21] is needed to find the initial scanner positions and the initial corresponding cylinders between several scans, but the processing time increased rapidly as the number of scanners and extracted cylinders increased, e.g., 2.4 h with only two scans and a few hundred cylinders. In case of more practical periodic renovation works, the processing time to build three-dimensional as-built model should finish at least overnight. However, if our previous coarse registration is applied to the large scale plant piping system, the processing time even for coarse alignment would exceed overnight. This inefficiency was due to the many "fake" cylinders that were mistakenly extracted and because the hash table did not fully discriminate corresponding cylinder pairs in the coarse registration.
The second drawback is that the accuracy of registration and modeling sometimes decreases when it is applied to actual point clouds of complex piping systems in real environments. This inaccuracy is due to the non-negligible systematic error of scanned points appearing at large measurement distances and high incident angles. The presence of outlier points on the pipe (measured at T-junctions and flanges) is a further cause of this inaccuracy. The distribution of systematic error and outliers deviates substantially from a normal distribution. Additionally, our previous registration and model fitting using the least squares approach introduced a certain amount of error.
The objective of the present study was to improve the efficiency and accuracy of our proposed cylinder-based registration and model fitting method for the as-built modeling of piping systems. Many cylinder pipes exist in actual piping systems, and the point clouds captured from that environment contain points measured from bent pipes, noise, and outliers. Against such raw point clouds, our proposed method avoids the propagation of registration and modeling error and generates the as-built model of a piping system with high accuracy. As shown in Figure 2 , we first introduced a selective rough cylinder extraction to obtain the cylinder parameters and points really existing on the cylindrical surface and to decrease the number of mistakenly extracted cylinders. Moreover, we devised a three-dimensional hash table to considerably improve the efficiency of coarse registration. Furthermore, we introduced the iteratively reweighted least squares method (IRLSM) to make the fine registration robust against systematic error and outliers. Incident angle filtering and cylinder subdivision were also applied adaptively to the proposed registration process to increase the modeling accuracy of bent pipes. Finally, we evaluated the effectiveness of these improvements through scan simulations and as-built modeling using real point clouds captured from the piping system of a water treatment plant. The rest of this paper is organized as follows. Section 2 discusses previous work and the problems associated with cylindrical modeling and registration for the as-built modeling of piping systems. Selective rough cylinder fitting which is preprocessing of registration is described in Section 3. A coarse registration algorithm based on a three-dimensional hash table is presented in Section 4, and the fine registration and modeling using the IRLSM is described in Section 5. Section 6 presents the efficiency and robustness of the proposed method, which is then applied to point clouds generated from a scan simulation and an actual laser scanning of a water treatment plant piping system. Section 7 concludes the paper.
RELATED WORK
Several cylinder modeling methods have been proposed for a three-dimensional as-built model of plant piping systems. These previous studies have extracted the point clouds on pipes from the original scanned point clouds and recognized their cylinder parameters. The estimated normal of each point is projected to the Gaussian sphere, and the point clouds on the cylindrical surface are extracted [10] , [19] , [23] , and [24] . As another approach, the Hough transform and a-priori knowledge of the cylinder parameters are applied to the sliced point clouds [1] for extraction and recognition. Other methods that can recognize straight pipes, elbows, and T-junction pipes have also been proposed [15] , [22] , and [26] .
These studies implicitly assume that the original point clouds have been successfully registered and that sufficient coverage of the points on the cylinders has been also achieved. However, this assumption does not necessarily hold due to the propagation of the registration error to the modeling error (as described above); therefore, the accuracy of the cylinder modeling potentially decreases. Moreover, the accuracy of cylinder modeling depends on the accuracy of the normal vectors of the points. However, it is difficult to estimate an accurate normal vector because a laser scanned point cloud includes a large amount of noise and outliers. In addition, the processing time of the estimation is significantly increased if the normal is estimated with high accuracy for a very large number of point clouds.
From the registration perspective, many marker-less registration methods have been developed. ICP has well-known alignment method of point clouds. Many ICP-variant methods have also been proposed [3] , [7] , and [30] . In these ICP-based methods, the overlap between multiple point clouds is essential. However, it is sometimes difficult to obtain such an overlap between scans because the pipes in a plant piping system are complexly arranged (tangled) as shown in Figure 3 (a)., and there is not an enough space to place a TLS (Figure 3(b) .) additionally at which the occlusions of point clouds are discovered. Therefore, there are significant restrictions to scanner placement. ICP-based fine registration thus tends to fail when the overlapping point clouds are small or absent.
Moreover, feature-based studies on coarse registration using characteristic objects and shapes in the environment have been proposed: 4-Points Congruent Sets [2] and [27] , plane [6] , geometric three-dimensional keypoints [8] , color information [14] , descriptor [16] , and image [18] and [28] . Moreover, methods for performing registration after data simplification based on neural networks have recently been developed [12] and [29] . However, these methods aim at coarse registration and have to be followed by fine registration of ICP. As a consequence, the registration error tends to be large in the conventional registration and in the cylinder model fitting of the laser scanned points captured from cylindrical surfaces.
SELECTIVE ROUGH CYLINDER FITTING
An overview of the proposed fine registration and modeling method is shown in Figure 2 . Our proposed method comprises three steps to construct the as-built model of plant piping system: cylinder rough fitting, coarse registration, and fine registration.
First, we remove point clouds on the floor surface, which occupies most of the raw point cloud 0 (Figure 4 (a)) captured by a TLS. The low density portion of the point clouds and outliers is also removed to reduce the processing time of normal estimation and cylinder extraction of the post processing. Under the hypothesis that the direction of the point clouds measured by a TLS is identical to the upward vertical direction, a histogram of the point cloud distribution in the vertical direction is constructed (Figure 4 First, we remove point clouds on the floor surface, which occupies most of the raw point cloud 0 (Figure 4 (a)) captured by a TLS. The low density portion of the point clouds and outliers is also removed to reduce the processing time of normal estimation and cylinder extraction of the post processing. Under the hypothesis that the direction of the point clouds measured by a TLS is identical to the upward vertical direction, a histogram of the point cloud distribution in the vertical direction is constructed (Figure 4 (b).) and the mode value of the histogram is extracted. We then remove the point clouds distributed to the ranges equal to or lower than the mode value as a floor point cloud (Figure 4(c) ).
Next, to remove point clouds with low density, as well as outliers, space subdivision by cell of an Octree data structure is performed for the point cloud 1 which is remained except for points on the floor surfaces. As shown in Figure 4 (d)., space in the bounding box of 1 is subdivided into Octree cells. The minimum side length of a cell is 20 mm. A set of points is removed so that the number of point clouds in a cell is less than the threshold (Figure 4 (e).).
The accidental error of the measurements becomes larger as its distance from the scanner becomes larger. Moreover, outliers with extremely long distances are frequently observed due to surface specular reflection or beam splits on object edges (Figure 3(c) .). Therefore, a set of points whose distance from the scanner is greater than the threshold is removed. The point clouds remaining after this outlier removal are denoted as 2 .
Finally, PCA-based normal estimation and Efficient RANSAC [25] are performed to extract the fragments of cylindrical pipe surfaces and their supporting inlier points from 2 . Efficient RANSAC is able to estimate the primitive shapes with high efficiency. However, inappropriate cylinders with very short lengths, or with extremely small or large radii (which do not conform to industry standards), are also extracted by Efficient RANSAC. These inappropriate cylinders should not be applied to the proposed registration and modeling method and should be removed. To this end, as shown in Figure 5 ., only those cylinders that satisfy the following criteria are selected: a) the number of points on the cylindrical surface is greater than the threshold ; 
EFFICIENT COARSE SCAN REGISTRATION BASED ON THREE-DIMENSIONAL HASH TABLE
After selective rough cylinder extraction on each scan, the cylinders belonging to different scans and tending to correspond to each other were aligned in the coarse registration. The alignment was performed using the RANSAC approach and a hash table. In our previous paper [21] , we used a one-dimensional hash table, where the distance between two cylinders was adopted as a hash key to avoid exhaustive searching for all cylinder pair combinations and to determine the corresponding cylinders in an efficient manner. However, in plants, many pipes are installed at equal distances from each other; therefore, the probability of key collision is increased, and the efficiency of the search for the corresponding cylinders remains low.
To solve this problem, we substituted the one-dimensional hash table with a three-dimensional hash table (Figure 6.) . We constructed the three-dimensional hash table by following the steps outlined below:
1) The extracted cylinders from the point clouds of a single scan were classified into a set of horizontal and vertical cylinders based on their axis directions.
2) A pair of cylinders ( , ) was generated as ∈ , ∈ .
3) The distance ( , ) between the and axes was converted into an integer index by applying quantization = ⌊ ( , )/Δ ⌋. Additionally, the radii and of and were converted to integer indices as = ⌊ /Δ ⌋ and = ⌊ /Δ ⌋, where Δ and Δ are the distance and radius resolutions, respectively.
4) The cylinder pair ( , ) was stored into the entry indexed by ( , , ) in the table.
Once the three-dimensional hash table was constructed, we could streamline the RANSAC-based coarse scan registration where the candidate for the corresponding cylinder pair in the other scan could be found in the entry with the same index. To obtain a consensus, we evaluated the number of matched cylinders between different scans after the transformation. In relation to efficiency, we performed a k-nearest neighbor search for the cylinder end point instead of performing a full search for the end points. The transformation with the maximum consensus was selected as the optimal alignment in the coarse registration. As shown in Figure 7 , the positional and geometric parameters of scanners and cylinders were calculated simultaneously by minimizing the fitting error along the orthogonal direction from the point clouds to the analytic cylinder surfaces. This minimization was formulated as follows:
where is a set of scanners, 0 is a scanner at a reference (fixed) location, and is a set of uniquely identified cylinders in all scans { }. denotes a set of scanned points placed on cylinder and are the model parameters of cylinder k.
denotes the registration parameters of scanner .
( ; , ) denotes the fitting error function of scanned point from cylinder located at when a point is captured by scanner located at . (•) is the weight function at point , and the fitting error is employed as the variable of the (•), its selection will be discussed in the next section. This simultaneous adjustment of and prevented the alignment error of the fine registration from propagating through the following model fitting, and helped preserve the modeling accuracy of the piping system.
The error function
( ) evaluated the squared orthogonal distance of a point from its corresponding cylindrical surface. To simplify the evaluation, we first classified the direction of the cylinder axis obtained from the course registration into one of three dominant orthogonal axial directions ( 0 , 0, or 0 ) in the world coordinate system Σ 0 , as proposed in [9] . For example, when the cylinder axis is nearly parallel to the 0 axis, the error function ( ) is defined by Eqs. The minimization problem of Eqn. (1) becomes nonlinear; however, we can derive the optimal solution of and by starting from the initial values obtained from the coarse registration and using the Levenberg-Marquardt method.
Optimization Process using the Iteratively Reweighted Least Squares Method
We introduce the iteratively reweighted least squares method (IRLSM) instead of the least squares method (LSM) in order to solve the minimization problem expressed by Eqn. (1) . Compared with the LSM, the IRLSM is more robust against systematic error and outliers because a weight function depending on the error amount is assigned.
In this study, as shown in Figure 8 , we tested the following three types of weight function, as given by Eqs. (4), (5), and (6):
Fair:
Huber:
Tukey:
where is the parameter controlling the support range of each weight function. We adopted the residual error ( ) of the scanned point as the weight variable . The weight value of Eqn. (4) was halved if = . In the case of Eqn. (5), if | | ≤ , the weight value was 1, if | | > , the weight value decreased gradually depending on the value of . However, the weight never converged to zero. On the other hand, Eqn. (6) decreased to zero if | | > , and was highly dependent on the initial values. However, the outlier was rejected completely. The accuracy of the IRLSM depended on correctly choosing the control parameter . We adopted a normalized median absolute distribution about the median (MADN) [20] of { } as . MADN is expressed by Eqs. (7) and (8):
In comparison with the standard deviation, the median absolute distribution about the median (MAD) was less affected by large outliers owing to the use of the median of { }. Therefore, MADN could provide a robust estimator alternative to the standard deviation. The value of MADN decreased automatically because it was recalculated at each IRLSM iteration. 
Incident Angle Filtering and Cylinder Subdivision
In our previous study [21] , we showed that the systematic and accidental error of laser scanned point clouds greatly depends on the incident angle of the laser beam. Therefore, we opt to remove point clouds with an incident angle equal to or larger than [°] and not apply them to the minimization processing of fine registration. Points with large incident angles often appear in the overlap portions between scans. Therefore, in the previous ICP-based registration method, it was difficult to filter out the points with a large incident angle because the registration ICP requires the overlapped points. However, our proposed method can align the point clouds even if incident angle filtering is applied and overlap between point clouds is small or absent. © 2019 CAD Solutions, LLC, http://www.cad-journal.net Moreover, our approach is designed for simultaneous fine registration and modeling as it uses straight cylindrical pipes as markers. However, it is sometimes difficult to apply the algorithm to the real point cloud when these pipes are slightly bent due to the influence of gravity and/or fixture constraints at the pipe's ends. To overcome this issue and to model bent pipes more accurately as cylinders, if an original cylindrical pipe has a length equal to or longer than the threshold ℎ [m], it is equally divided into pieces of shorter cylinders along its axis.
EVALUATION OF MODELING ACCURACIES AND EFFICIENCIES

Modeling Accuracies of Point Clouds Generated from Scan Simulations
We compared the cylinder modeling accuracy achieved using the proposed IRLSM-based method without cylinder subdivision and incident angle filtering under different weight function settings with that achieved by ICP and our previous LSM-based approach [21] . First, we generated artificial point clouds from the CAD model of a piping system, where a Gaussian-type measurement error was superimposed along the laser beam direction using scan simulation software. Three point clouds with a total of 5.65 million points were generated from three different scanner positions. The CAD model of the simple piping system (10 × 15 × 8 ) is shown in Figure 9 . Table 1 shows the thresholds used in the modeling. Then, the three point clouds were aligned by the proposed coarse registration method using 10 manually selected cylinders. Finally, fine registration and model fitting were performed under 12 different conditions, as shown in Table 2 . The fine registration of condition I was performed by our previous LSM-based registration and modeling method. The fine registration of condition II was executed by built-in ICP-based registration functions using freely available software [11] . A commercial software package was used for condition III [13] . For conditions II and III, least-squared fitting was used for modeling of the final cylinder. For conditions IV-VI, the proposed fine registration and modeling method using the IRLSM, which is expressed by Eqn. (4), were applied with different control parameter settings for the weight function ( 1 × MADN, 3 × MADN, and 6 × MADN). Conditions VII-IX using the IRLSM expressed by Eqn. (5), and conditions X-XII using the IRLSM expressed by Eqn. (6), were applied with control parameter settings similar to those of conditions IV-VI. Table 3 shows the distributions of distance error , angle error , and cylinder radius error , between the two cylinder axes after fine registration. Their exact values were provided by the original CAD model. Methods I and IV-XII clearly yielded more accurate modeling results in comparison with the conventional ICP-based method (conditions II and III). In particular, in condition XII, the error was reduced to a submillimeter order, which was approximately one-tenth of the errors under conditions II and III. Therefore, it is evident that condition XII achieved the best accuracy. The processing time under condition I was approximately 54 s, whereas that under condition XII was 142 s. Finally, the relationship between the processing time and the number of input point clouds was investigated. For this purpose, the artificial scanned point clouds with different point-to-point interval settings were scanned using simulation software. The point-to-point interval was adjusted from 3 mm to 25 mm at 10 m, as shown in Table 4 . The proposed fine registration and modeling methods were used under condition I. As shown in Figure 10 ., the processing time linearly increased with the number of point clouds. Moreover, even if the number of point clouds was not changed, the processing time increased when the number of scanner positions and cylinders to be modeled increased because the processing time of minimization in Eqn. (1) is positively correlated with the number of variables. The proposed method was then applied to real, large-scale laser scanned point clouds of a small water treatment plant piping system, as shown in Figure 11 , and its efficiency was verified. First, the proposed coarse and fine registration methods without cylinder subdivision and incident angle filtering under condition XII were applied to real point clouds, and their efficiencies were compared with that of the conventional method. The real point clouds of a real water treatment plant piping system (15 × 10 × 5 ), with a total of 4.37 million points, were captured by TLS (Faro Focus 3D) from four scanner positions. Selective rough cylinder extraction was applied to the point clouds of each of the four scans in order to identify approximately 100 cylinder fragments in each scan, as shown in Figure 11 (a). The point clouds were then aligned by coarse registration. Coarse registration with the one-dimensional hash table [21] took 7.7 min, whereas with the three-dimensional hash table, it took only 0.7 min. The maximum number of hash key collisions also decreased from 662 to 162. Moreover, the proposed IRSLM-based fine registration and modeling methods under condition XII were applied to the point cloud after coarse registration, obtaining the final result shown in Figure  11 (b). The fine registration and modeling under condition XII took 84 sec. As shown in Figure 11 (b)., visual inspection confirmed that fine registration was successfully completed. Next, we investigated the accuracy of the proposed fine registration in the real environment as well as the effectiveness of cylinder subdivision and incident angle filtering. The proposed coarse and fine registration methods with cylinder subdivision and incident angle filtering under condition XII were applied to the same environment described above. The 12 scanned point clouds with a total of 16.46 million points were captured by TLS. The number of cylinder subdivisions was set to = 2, the length threshold to ℎ = 1.5 [m], and the incident angle threshold to = 60 [°] . Figure 12 (a) and (b) show the results. The processing time of fine registration and modeling was 9.3 min. As shown in Figure 12 (c) and (d), when the fine registration and modeling without cylinder subdivision and incident angle filtering were applied to bent pipes, the fitting error became very large. On the contrary, as shown in Figure 12 (e) and (f), the registration and modeling with cylinder subdivision and incident angle could fit the cylinder model to the bent pipes more accurately than those of subdivision. The average of the fitting error of all cylinders decreased from 5.0 mm to 3.3 mm.
As shown in Figure 13 , to evaluate the registration accuracy of the proposed method, we first selected an arbitrary pair of raw point clouds and extracted the well-measured points existing on a plane of factory equipment from each raw point cloud. Then, the least-square plane was fitted to the point cloud on the plane. This allowed us to regard the distance from one plane to the other as the registration error. The average errors of three planer point cloud pairs when three raw point cloud pairs were selected are summarized in Table 5 . As a result, the maximum registration error between planes was below 3 mm despite the fact that our method only uses cylinders for the registration. Moreover, we confirmed the accuracy and effectiveness of the proposed registration method for the laser scanned point clouds in the real environment.
Since the reference CAD model of this plant was not available, we compared the distance between two cylinder axes calculated by the proposed method with that between points on the pipe surfaces existing in a single point cloud, as shown in Figure 14 . We first selected an arbitrary pair of modeled pipes and calculated the distance between them using their cylinder axes and radii values, which were obtained by the proposed method. Secondly, in a single scanned point cloud, approximately the same line as the distance between two modeled pipes was drawn interactively and two measured points on each pipe were also selected interactively. Then, the distance between the two points was assumed to be a true value. Finally, we compared the error between the two distances for eight pairs of pipes (the distances between cylinders approximately distributed from 3 m to 6 m). As shown in Tab. 5, the average distance error was 1.6 mm and the maximum error was 4.0 mm. From this result, we confirmed that the accuracy of the cylindrical modeling of the proposed method in the real environment fully satisfied the precision necessary for the as-built modeling of pipes in cases where renovation work is required. 
CONLUSIONS
The efficiency and accuracy of a simultaneous cylinder-based registration and model fitting method was improved with regard to the as-built modeling of piping systems. A three-dimensional hash table was introduced to the coarse registration. The IRLSM-based fine registration and model fitting methods were robust against systematic error and outliers. The simulation results obtained in this study confirmed that the modeling accuracy achieved by the proposed IRLSM-based approach clearly outperformed the previous LSM-based and ICP-based approaches with regard to modeling accuracy. In a real water plant piping system, the three-dimensional hash table yielded highly efficient coarse registration. Furthermore, incident angle filtering and cylinder subdivision were applied to produce more accurate cylinder modeling of slightly bent pipes. For the proposed method, we confirmed that the fitting error of the cylinder to the laser scanned point clouds of plant piping systems clearly decreased when compared with our previous method. Through the verification of the large-scale point clouds of a few factories, we also confirmed that the proposed method attained the registration and modeling accuracy required for piping systems renovation work.
In future work, the processing time of fine registration will be decreased by subsampling the points on the cylindrical surfaces based on radius and/or measurement distance. By using subsampling, the number of points of each cylinder can be uniformly distributed, and there is a potential to further decrease the error of the registration and modeling. 
